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, but they are difficult to implement in conventional flow processes. Materials that combine the properties of fluidity and permanent porosity could therefore offer technological advantages, but permanent porosity is not associated with conventional liquids 5 . Here we report free-flowing liquids whose bulk properties are determined by their permanent porosity. To achieve this, we designed cage molecules 6, 7 that provide a well-defined pore space and that are highly soluble in solvents whose molecules are too large to enter the pores. The concentration of unoccupied cages can thus be around 500 times greater than in other molecular solutions that contain cavities [8] [9] [10] , resulting in a marked change in bulk properties, such as an eightfold increase in the solubility of methane gas. Our results provide the basis for development of a new class of functional porous materials for chemical processes, and we present a one-step, multigram scale-up route for highly soluble 'scrambled' porous cages prepared from a mixture of commercially available reagents. The unifying design principle for these materials is the avoidance of functional groups that can penetrate into the molecular cage cavities.
The structural rigidity and robustness of solids allows them to contain permanent, uniform cavities of precise size and shape. By contrast, liquids have fluid structures, and any 'porosity' is limited to poorly defined and transient intermolecular cavities 11 , most of which are smaller than typical molecules. The scaled particle theory 12, 13 predicts that the solubility of a solute in a liquid is primarily influenced by the work required to generate the cavities that accommodate the solute. Thus, if high concentrations of permanent, molecule-sized cavities could be created in a liquid, the solvating and solute-transporting characteristics of that liquid should be strongly affected 5, 14, 15 . For example, solutes might become much more soluble because no work would be required to create cavities 12, 13 . This effect should be specific to solute molecules of complementary size and shape to the pores, as is common for selective adsorption in porous solids.
We have prepared 'porous liquids' by taking rigid organic cage molecules, each of which defines a molecular pore space, and dissolving them at high concentration in a solvent that is too large to enter the pores (Fig. 1) . Hence, the pores in the cages remain empty and available to solutes. In our first system, a crown ether, 15-crown-5, was chosen as the solvent because it is a liquid at room temperature and because it consists of large molecules with low surface curvature. Hence, no part of any solvent molecule can fit into the cage pores. Into this solvent were dissolved rigid organic cages. Each cage has a cavity of ~5 Å diameter at its centre that is accessible through four access windows of ~4 Å in diameter. Structurally similar but much less soluble cages are known to absorb small gas molecules into their pores in the solid state 6, 7 . To achieve high solubility in the bulky 15-crown-5 solvent, each cage was functionalized on the outside with six crown ether groups by using a crown-ether functionalized diamine to prepare the cage. As a result, we could prepare, at room temperature, an extremely concentrated liquid phase (44 wt%) where just 12 solvent molecules are needed to dissolve each cage molecule. More typical solutions of molecules with cavities contain many hundreds or thousands of solvent molecules for each cavity. This liquid flows at room temperature, despite the high concentration of cages. The viscosity of the liquid was 20 cP to > 140 cP in the range 298 K to 323 K, depending on the cage concentration ( Supplementary Figs 10 and 11 ). In contrast, the viscosity of pure 15-crown-5 is 8.9 cP to 22.4 cP over this temperature range. Organic cages on their own can also form liquid phases close to room temperature if they have long alkyl chain substituents, but in those cases the chains occupy the cage cavities, thus removing the porosity 15 . Molecular dynamics (MD) simulations gave detailed insight into the structure of this 'porous liquid' . During 100-ns simulations, 100% of the cages remained empty at all times, both at 350 K and 400 K. Further modelling confirmed that occupation of the cages by the 15-crown-5 solvent molecules, or by the crown-ether substituents on the outside of the cages, would incur high free energy costs (full details are given in Supplementary Information). In fact, the free energy computed along a reaction coordinate that eventually forces the occupation of the cage by a 15-crown-5 solvent molecule shows no minimum when the solvent is inside the cage (Supplementary Fig. 14) . Therefore, we conclude that the cages remain empty in the porous liquid over timescales longer than the MD simulations.
The distribution of cavity sizes, ρ(R), was computed for the porous liquid, ρ mix (R), and for the pure 15-crown-5 solvent, ρ sol (R), both at the same temperature and pressure. Here ρ(R) is the so-called insertion probability, which measures the likelihood that a hard sphere of radius R could be inserted at any arbitrary point within the liquid without overlapping with the van der Waals volume of any atom of the liquid 11 . The snapshot in Fig. 2a represents a typical configuration in the MD simulation for the 1:12 mixture at 350 K. The coloured surfaces show the empty cavities both inside (red) and outside (yellow) the cage cores that are accessible to spherical probes of radius 2.0-2.6 Å. This probe radius range was chosen because it reveals the cavities that are sufficiently large to accommodate methane as a solute molecule. Figure 2a shows that the cage cavities account for most of the large, methane-sized cavities in the liquid. This can be quantified with respect to the pure 15-crown-5 solvent by calculating the relative porosity of the mixture, defined as V rel (R) = ρ mix (R)/ρ sol (R). A value of V rel (R) greater than one indicates that the fractional free volume accessible to a spherical probe of radius R is larger in the porous liquid than in the pure solvent. As might be expected, the cages have no effect on the concentration of small, submolecular cavities in the liquid, and V rel (R) is around 1 for R < 0.1 nm (Fig. 2b) . However, the Letter reSeArCH © 2015 Macmillan Publishers Limited. All rights reserved cages dramatically increase the concentration of cavities with radii in the range 0.1-0.25 nm. This effect is particularly strong at 350 K, where V rel (R) approaches 1,900 for R = 0.24 nm. V rel (R) is larger at 350 K than at 400 K because more large cavities form transiently in the solvent at higher temperatures owing to increased thermal motion. Overall, the fractional void volume in the porous liquid due to the cages was estimated as 0.7% of the total volume. This is small compared to typical pore volumes in porous solids, but it can dramatically affect the solubility of solutes in the liquid.
Positron (e + ) annihilation lifetime spectroscopy (PALS) experiments were used to investigate whether the cages in the porous liquid were empty. PALS probes the electron density distribution in materials, in particular the presence of empty pores. Exposure of an insulating material to a positron source such as 22 Na leads to the formation of ortho-positronium (o-Ps; that is, an e + and an e − with parallel spins bound into an exotic atom) within the material. The lifetime of the positron (that is, the time between injection of the positron into the material and the decay of o-Ps) can be correlated to the average pore diameter in the material by a well-established model 16 , that is, the larger the pore the lower the decay probability and the longer the lifetime.
Thus, by comparing the o-Ps lifetimes observed in the pure (solid) cage material, the pure 15-crown-5 solvent and the porous liquid, we investigated whether the cages in the porous liquid were empty. Several measurements were made on each material to check for reproducibility and to enable separation of the raw data for the porous liquid into constituent components. The o-Ps lifetime of 2.05 ± 0.1 ns measured for the pure solid cage at 30 °C correlates to an average cavity diameter of 0.55 nm, in reasonable agreement with our MD simulations. The o-Ps lifetime of 3.00 ± 0.1 ns for the pure 15-crown-5 solvent at 30 °C is also in agreement with previous literature 17 . This latter measurement can be explained by the known phenomenon of o-Ps bubble formation 17 , rather than by any pre-existing pores in the pure 15-crown-5 solvent. The o-Ps lifetime measured for the porous liquid at 30 °C was 2.34 ± 0.02 ns. If the cages are empty in the porous liquid, then the o-Ps lifetime should correspond to a combination of the lifetimes measured for the pure cage and the pure 15-crown-5 solvent.
To investigate whether the o-Ps lifetime for the porous liquid could be separated into these individual contributions, both free and forced fits were applied to the raw data. Allowing both components to refine freely did not give a satisfactorily clear separation (large error bars were Letter reSeArCH © 2015 Macmillan Publishers Limited. All rights reserved observed; see Supplementary Fig. 23 ). However, a forced fit where one component was fixed at 3.00 ns, consistent with the anticipated contribution from the pure 15-crown-5 solvent, and where the other component was allowed to refine freely, did result in satisfactory separation of these two components (Supplementary Fig. 24 ). The freely refined component had a value of 1.91 ± 0.08 ns, which corresponds well to the lifetime observed for the pure empty cage (2.05 ± 0.1 ns). The PALS measurements are thus consistent with the presence of empty cages, or molecular 'pores' , in the porous liquid.
Both MD simulations and PALS data suggested that the porous liquid might have a dramatically increased capacity to dissolve solute molecules up to ~0.5 nm in diameter relative to the pure crown solvent, particularly at temperatures of 350 K or lower (Fig. 2b) . Acidic gases, such as carbon dioxide, are absorbed readily by conventional, non-porous solvents such as water or aqueous amines 4 . We therefore focused our initial studies on methane, the main component of natural gas. Methane, like other important gases such as hydrogen, lacks the Lewis acidity of carbon dioxide and hence cannot be absorbed using liquid amines. The methane solubility in pure 15-crown-5 at 30 °C was found to be 6.7 μ mol g −1
. By contrast, the solubility of methane in the porous liquid was 52 μ mol g −1 at 30 °C. This represents, approximately, an eightfold increase in solubility in the porous liquid compared to the pure solvent. The methane solubility decreased at higher temperatures, both in the porous liquid and in the non-porous solvent, but the solubility was much higher in the porous liquid at all temperatures studied (Fig. 3a) .
Molecular simulations for solutions of methane in the porous liquid suggested that most methane molecules would reside in the cage cavities, rather than in transient intermolecular cavities (see Fig. 3b and Supplementary Information for details). For example, at 350 K and a gas pressure of 1 atm, 70% of the methane molecules in the liquid were located inside the cages, that is, less than 2.5 Å from a cage centre. These simulations support the methane solubility measurements by predicting that methane should be significantly more soluble in the porous liquid. The enhanced solubility cannot be ascribed to a simple solvating effect of the aromatic cage walls because methane solubility in pure aromatic solvents, such as benzene, is lower than for the porous liquid (26.8 μ mol g −1 at 25 °C) 18, 19 . The methane absorption capacity is remarkably high for a liquid, albeit much lower than for many porous solids, such as zeolitic imidazolate frameworks 20 . This porous molecular liquid differs fundamentally from porous macromolecular liquids containing hollow colloidal silica spheres 21 .
Solutions of other types of organic cages with smaller internal pores, known as carcerands and cryptophanes, also have pores that are most probably unsolvated because even relatively small solvent molecules are excluded [8] [9] [10] . The existence of permanent cavities in these carcerand/cryptophane systems was not, however, supported by simulations or by PALS measurements, nor was enhanced bulk solubility of gases noted. This is probably because the solutions were very dilute; for example, based on a 2 mM host solution of a cryptophane in CDCl 3 , as described in ref. 10 , the molar ratio of cage to solvent molecules was 1:6,000, compared with the 1:12 solution that we study here. The cryptophane cavity volume in that study 10 was reported to be 81 Å
3
. If the cryptophane is assumed not to have collapsed, then this represents just 0.01% of the total volume, which is 70 times lower than in our study. The much higher density of cavities in our system demonstrates a previously unexplored way to control the bulk solubility of gases and other solutes in liquids.
Although porous liquids of the type we report here might not be competitive with porous solids for gas storage, we envisage other applications, such as gas separation, which utilize the high concentration of prefabricated cavities in the liquid. A practical scale-up issue is the sixstep cage synthesis (Supplementary Information), which has modest overall yield (3.1%-6.5%). Also, the viscosity of the crown-ether porous liquid is rather high (20 cP to > 140 cP). We therefore developed an alternative, more scalable route, where a mixture of diamines is used to make a mixture of 'scrambled' cages 22 that have the same core cage dimensions as the crown-ether derivative discussed above. The resulting mixture of scrambled cage molecules has much higher solubility in common organic solvents than similar cages prepared from a single diamine (see table, Fig. 4a ) because of increased structural disorder 23 . Multi-gram quantities of the scrambled cage mixture are easily prepared from commercially available starting materials via this one-step synthesis ( Fig. 4a; 77% yield) . As for the crown-ether derivatized cage described above, this scrambled cage mixture can form concentrated solutions (>10 wt%) in a solvent, hexachloropropene (PCP), which like 15-crown-5 is size-excluded from the cage cavity. These solutions were at least ten times less viscous (11.7 cP at 295 K, 0.112 mmol of cage per 1 g of PCP) than the crown-ether-based porous liquid described above at comparable cage concentrations because of the lack of bulky crownether substituents. Like the porous liquid prepared from the crownether derivatized cage, this porous liquid prepared from the scrambled mixture of cages showed much higher methane gas solubility than the non-porous PCP solvent (51 μ mol g −1 versus 6.7 μ mol g −1 at 293 K). Other gases such as nitrogen, carbon dioxide and xenon also showed enhanced solubilities in the scrambled-cage-based porous liquid, and Letter reSeArCH © 2015 Macmillan Publishers Limited. All rights reserved the trend in gas solubility follows the calculated Henry's coefficients 24 and isosteric heats of sorption for these gases in solid porous cages of this size and geometry ( Supplementary Fig. 35 ), again suggesting that gas solubility is dominated by the unoccupied cage cavities. A shift in the 1 H NMR signal for methane was observed from − 0.24 p.p.m. (using tetramethylsilane, TMS, as standard) in neat PCP to − 2.80 p.p.m. in the scrambled-cage-based porous liquid (Supplementary Fig. 30 ). This strong shielding effect (∆δ = − 2.56 p.p.m.) supports the presence of methane in the cage cavities of the scrambled porous liquid on the NMR timescale 9, 10 . As for the porous liquids prepared from crown-ether derivatized cages, the increased gas solubility in the scrambled-cage-based porous liquid stems from the absence of functional groups that can penetrate the cage cavities, in this case because the peripheral methyl groups on the scrambled cages are too small to do this. By contrast, other organic molecules of the correct size can compete with gases for the cage cavities. For example, addition of chloroform rapidly displaces xenon from a sample of the scrambled-cage-based porous liquid that was saturated with xenon, whereas addition of a larger, size-excluded guest, 1-t-butyl-3,5-dimethylbenzene, does not ( Fig. 4b; Supplementary Video 1) . This allows dramatic solubility switching to occur with the addition of a remarkably small amount of a second, smaller solvent. For example, 10.05 ml STP of xenon is released from 5.74 g of the scrambled-cage-based porous liquid by addition of just 0.046 ml (1.29 vol.%) of CHCl 3 . This remarkably sharp switching behaviour can be ascribed to a molecular displacement mechanism, rather than to a change in the bulk solvent properties.
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